Fibrinolysis was initially defined using rapid thrombelastography (rTEG). The cutoffs for the pathologic extremes of the fibrinolytic system, hyperfibrinolysis and shutdown, were both defined based on association with mortality. We propose to redefine these phenotypes for both TEG and for rotational thrombelastometry, the other commonly used viscoelastic assay.
U sing rapid thrombelastography (rTEG), we previously identified three fibrinolysis phenotypes. 1, 2 While hyperfibrinolysis (HYPER) is infrequent, it is the most lethal form of fibrinolysis, with a mortality greater than 40%. 1, 2 Conversely, fibrinolysis resistance or fibrinolysis shutdown (SD) has previously been identified as the most common abnormal fibrinolytic phenotype following injury and is associated with increased mortality compared to physiologic fibrinolysis (PHY). [2] [3] [4] This is often due to macrothrombotic or microthrombotic complications such as pulmonary embolus, acute lung injury, or multiple organ failure (MOF). [2] [3] [4] However, others have suggested that the SD phenotype is a misclassification related to insensitivity of TEG or ROTEM to detect lysis. 5, 6 The initial description of the abnormal lysis phenotypes 1, 2 was done using rapid thrombelastography, a whole blood viscoelastic assay that provides a comprehensive assessment of clot formation, clot remodeling, and degradation. The original TEGbased definition of the three fibrinolysis phenotypes, derived in a single trauma center, 1 was subsequently confirmed in a large multicenter study. 2 These studies focused on trauma patients with an Injury Severity Score (ISS) greater than 15, 1,2 thus limiting the cutoffs application to more severely injured patients.
The other commonly used viscoelastic test is the rotational thromboelastometry (ROTEM) 7, 8 platform. Rotational thromboelastometry is also a viscoelastic assay that can perform multiple specialized assays, which include the EXTEM (activated with tissue factor) assay and APTEM assay, which is a modified EXTEM, in which aprotinin inhibits plasmin in vitro if systemic fibrinolysis is present. 9 Thrombelastography has consistently defined fibrinolysis phenotypes by lysis 30 minutes after achieving maximum clot strength (LY30), and it has been the primary assay used to identify the postinjury spectrum of fibrinolysis phenotypes. [2] [3] [4] Conversely, defining abnormal fibrinolysis using ROTEM is more complex. Inconsistent definitions of HYPER using ROTEM exist including the use of EXTEM clot lysis index 30 minutes after clotting time (CT) (CLI30), EXTEM CLI60, and EXTEM CT greater than APTEM CT or EXTEM maximum clot firmness (MCF) less than APTEM MCF as evidence for fibrinolysis. [9] [10] [11] [12] [13] [14] [15] [16] Only recently have ROTEM-derived definitions of fibrinolysis SD been evaluated 6, 15 and the best ROTEM measurement for detecting fibrinolysis SD has not been established.
Although the technologies and reagents are similar between the two devices, the measurements reported differ and must not be generalized from one instrument to the other. 10 Rapid TEG LY30 takes approximately 55 minutes to be finalized in severely injured trauma patients. 11 This time frame roughly approximates the EXTEM lysis index 60 (LI60) derived using the ROTEM device, which quantifies the percent of clot strength remaining from maximum clot firmness 60 minutes from the initiation of the test. To our knowledge, the ROTEM-LI60 has not been used to define fibrinolysis abnormalities. Therefore, we hypothesize that abnormal fibrinolysis phenotypes (HYPER and fibrinolysis SD) can be defined by both ROTEM LI60 and rTEG, in an unselected population of trauma activation patients, and that both tests provide cutoffs that are associated with increased mortality.
METHODS
This is an analysis of prospectively collected data from our Trauma Activation Protocol study from 2010 to 2016 database, which includes patients who met criteria for the highest level of trauma team activation at the Ernest E. Moore Shock Trauma Center at Denver Health, an American College of Surgeons-verified and Colorado state-certified Level 1 trauma center affiliated with the University of Colorado Denver. Whole blood was collected from these patients under waiver of consent for minimal risk emergency research in the field or immediately upon arrival at the emergency department, and within less than 2 hours following injury.
Both ROTEM and rTEG were run immediately after sample collection, simultaneously, by onsite, full time, trained professional research assistants. This clinical study was approved by the Colorado multiple institutional review board.
Rotational Thromboelastometry
Rotational thromboelastometry (ROTEM) was performed on whole blood collected in vacuum tubes with citrate (3.2%) sample tubes (Vacutainer, Becton-Dickinson, Franklin Lakes, NJ) added to prevent clotting before analysis. The specific ROTEM assays used were EXTEM (activated with tissue factor). For each test, the reagents and the blood are pipetted semiautomatically into a single-use plastic cup that is then set onto a plastic pin on a rotating vertical axis guided by ball bearings. The increasing firmness of the clot gradually reduces the movement of the pin. This is continuously detected by using a light source, a reflecting mirror on the rotating axis, and a sensor chip. The reduction in movement is mathematically transformed into clot firmness (amplitude in millimeters) and plotted against time (in seconds), resulting in a thromboelastometric tracing. Rotational thromboelastometry tests were performed with 300 mL of citrated whole blood and 20 mL of 0.2-mol/L calcium chloride together with specific activators. In the standard global tests to measure clot strength, the activators used were 20 mL of rabbit brain thromboplastin (tissue factor) for EXTEM. 12 Fibrinolysis was evaluated based on percentage of clot remaining compared to maximum clot firmness 60 minutes after CT (CLI60). This value was used, as it is temporally similar to LY30. LY30 occurs 30 minutes after maximum amplitude on TEG. While others have used maximum lysis to define fibrinolysis phenotypes in ROTEM, 13 this parameter can be set to any period of observation based on institution and is not necessarily temporally related to the rTEG LY30 parameter. Given this, our analysis focused on defining fibrinolysis phenotypes using CLI60, which is temporally similar to rTEG LY30.
Rapid Thrombelastography
Rapid TEG (rTEG) was performed on whole blood collected in vacuum tubes with citrate (3.2%). Rapid TEG yields the following variables that were used to assess the dynamic process of clot formation and breakdown in this study : 14 
Data Analysis
Analyses of receiver operating characteristics (ROCs) curves were used to derive the cutoffs of rTEG LY30 and EXTEM CLI60 that defined HYPER, PHY, and SD. The ROC curve was drawn using logistic regression models with the rTEG LY30 and EXTEM LI60 as the independent variables.
The outcome for HYPER was life-threatening bleeding, as defined by the requirement for massive transfusion. To minimize survivor bias, we included death within 6 hours and massive transfusion (MT) as more than 10 red blood cell units. 15 We derived the cutoff of rTEG LY30 and of EXTEM-CLI60 that best discriminated MT by the maximum Youden Index (sensitivity + specificity −1). Patients identified as having HYPER were then removed from the data set. The remaining patients formed the data set in which we derived the cutoff of rTEG LY30 and EXTEM CLI60 that best predicted mortality. The end point for this ROC curve was mortality instead of MT, as patients with SD typically die from organ failure, and not bleeding. 1, 2 SPSS version 23 (IBM, Armonk, NY, USA), SAS version 9.4 (SAS Institute Inc, Cary, NC, USA), GraphPad Prism version 7.0a (GraphPad Software, Inc, La Jolla, CA), and Excel version 12.2.5 (Microsoft Corporation; Redmond, WA) were used for statistical analysis. All tests were two tailed with significance at p < 0.05. The Kruskal-Wallis test was used for continuous variables. The χ 2 test was used for categorical variables. Dunn's multiple comparisons were used for pairwise two-sided multiple comparison analysis. Agreement of rTEG LY30 and EXTEM CLI60 was compared using a test of symmetry and weighted kappa statistics. Kaplan-Meier survival curves were compared using the log-rank and Wilcoxon tests.
RESULTS
There were 216 trauma activation patients from whom both ROTEM data and rTEG were obtained within 2 hours after injury. Patients' demographics are shown in Table 1 . These were severely injured patients with a median ISS of 16 (interquartile range, 5-29). Patients were 82% male, 58% suffered a blunt injury mechanism, 16% of patients had MT, and 12.5% died.
Rapid TEG defined HYPER as a Youden Index of rTEG-LY30 7.7%, the optimal cutoff to predict MT. Patients with systemic HYPER were removed, and the optimal cutoff of rTEG LY30 to predict death was used to define fibrinolysis SD. A Youden Index of 0.5% defined the cut point for SD. Therefore, fibrinolysis SD was defined as rTEG-LY30 less than 0.5%, PHYas 0.5% to 7.6%, and HYPER as greater than 7.7%. The incidence and casefatality rate of lysis phenotypes, as defined by rTEG LY30, are shown in Figure 1A . Physiologic fibrinolysis was the most common phenotype (70.97%), followed by SD (19.82%) and HYPER (9.22%). Physiologic fibrinolysis had a significantly lower casefatality rate compared to the two abnormal phenotypes (HYPER, 50%; and SD, 23.26%; p < 0.0001), confirming the previously described U-shaped association of abnormal lysis with mortality.
Rotational thromboelastometry EXTEM CLI60 defined lysis phenotypes: the optimal cutoff for predicting MT was 82%. After excluding patients with a CLI60 less than 82%, another ROC curve for EXTEM CLI60 with the end point of mortality defined fibrinolysis SD as less than 98%. Therefore, we defined fibrinolysis SD as an EXTEM-LI60 98% or greater, PHY 82% to 97.9%, and HYPER less than 82%. The incidence and casefatality rate of the EXTEM-CLI60 defined lysis phenotypes are shown in Figure 1B . These rates were remarkably similar to the rTEG lysis-derived rates as described in more detail below.
Rapid TEG and ROTEM show a large degree of lysis agreement. Overall, the two tests agreed in 76.8% of the patients, with most of the disagreement seen in distinguishing SD and PHY. Weighted kappa statistics yielded a value of 0.51 (95% confidence interval, 0.39-0.63) indicating moderate agreement between the two tests. The discordance between rTEG LY30 phenotype and EXTEM CLI phenotype is depicted in Figure 2 .
Patients' characteristics by EXTEM CLI60 fibrinolysis phenotypes are depicted in Table 2 . Significant differences were seen between groups in injury severity, systolic blood pressure, and laboratory measures of shock (base deficit and lactate). Furthermore, patients who presented with HYPER by ROTEM had an increased number of blood products transfused (Table 3 ) and more abnormal results of conventional coagulation assays. This same comparison was completed for redefined rTEG fibrinolysis phenotypes and showed similar findings (Supplemental Tables 1  and 2 , Supplemental Digital Content 1, http://links.lww.com/ TA/B257). Finally, survival time differed greatly between the groups. Survival based on groups stratified by either ROTEM or TEG phenotypes is shown in Figure 3 . The HYPER group by TEG and ROTEM had an early drop in survival, while the SD cohort had a delayed mortality (log-rank p < 0.0001, Wilcoxon p < 0.0001). Physiologic fibrinolysis seems to impart a protective effect on the mortality by TEG and ROTEM.
DISCUSSION
Using ROTEM and rTEG, we have identified three distinct phenotypes of fibrinolysis in injured patients. Furthermore, we redefined rTEG fibrinolysis phenotypes in an unselected population of trauma activation patients. We described moderate agreement and symmetry between recalibrated rTEG LY30 and EXTEM CLI60 as tests for defining fibrinolysis phenotypes. A U-shaped distribution of mortality similar to what has been shown with TEG was generated for EXTEM-defined fibrinolysis phenotypes, with the greatest mortality on the extremes of fibrinolysis. Finally, these two technically different assays share almost 77% agreement for defining fibrinolysis phenotypes.
Our data confirm a recently published study from Toronto that ROTEM can effectively determine fibrinolysis phenotypes. 13 While our study and the study by Gomez-Builes et al. both use ROTEM to identify fibrinolysis phenotypes, different assays were used. This suggests that there are multiple values within the ROTEM platform that can discriminate fibrinolysis phenotypes. Furthermore, our data are consistent with our previous studies that used TEG to define and stratify fibrinolytic phenotypes.
1,2
We defined three distinct phenotypes based on EXTEM CLI60 that are able to discriminate mortality. Similar to the work by Gomez-Builes et al., the distribution of mortality was similar as two previously published studies evaluating fibrinolysis phenotypes using rTEG.
1,2 The highest mortality was seen in the HY-PER cohort, followed by SD fibrinolysis, and what seemed to be a protective degree of fibrinolysis in the PHY group (Fig. 1) . This was further illustrated on both ROTEM and TEG with increased early mortality in the HYPER group (Fig. 3A and B) . While in the study by Gomez-Builes et al., SD was no longer associated with mortality after multivariate analysis could be attributed to overadjustment. 17 Since fibrinolysis abnormalities are mediators of the effects of injury severity and shock on mortality, adjusting for these effects obliterates its association with mortality owing to overadjustment.
Previous studies identified fibrinolysis SD as the most common fibrinolytic phenotype; however, with this recalibration in an unselected population of trauma activation patients, which included patients ultimately found to have ISS less than 16, we found that the PHY phenotype was the most common phenotype by more than twofold in all patients that had both rTEG and ROTEM measured. However, there were too few patients to effectively differentiate the cause of death between ROTEM fibrinolysis phenotypes.
Using the previous definitions of rTEG fibrinolysis phenotypes, the PHY fibrinolysis window is relatively narrow (0.9-2.9%), while the range using ROTEM is much wider (82-97.9%). Similarly, the recalibrated rTEG definitions of fibrinolysis phenotypes showed a wider range (LY30, 0.5-7.6%). This underscores a key point that in an unselected group of injured patients, injury patterns and severity are not consistent, and periodically redefining fibrinolysis phenotypes may better capture appropriate thresholds for different patient populations or institutions over time.
Sample timing is critical, since phenotypes change rapidly during the first few hours. 16 Additionally, phenotype association with mortality would be expected to change as therapy changes and, consequently, would also be dependent on institution resuscitation protocol. Large randomized controlled trials and initial Cochrane analyses of viscoelastic assays in trauma resuscitation suffer from a "one size fits all" approach to very sick patients. The benefit of viscoelastic assays to guide resuscitation in the very severely injured patients may not be uncovered with large randomized controlled trials or with Cochrane analyses, which cut a wide swath and, by doing so, may miss the significant contribution to the understanding of trauma induced coagulopathy (TIC) for patients in which a model of precision-based medicine may better serve to improve outcomes in critically injured patients. 17 Fibrinolysis using ROTEM in our study was evaluated based on the EXTEM CLI60, the percentage of clot remaining compared to MCF 60 minutes after CT. In contrast, LY30 used by rTEG occurs 30 minutes after maximum amplitude and gives the percentage decrease in amplitude at 30 minutes after MA. 18 Previous studies have shown that the median time to MA using rapid TEG is approximately 22 minutes, 19 with LY30 resulting 30 minutes from this time point. The median CT in our study was 67 seconds, with CLI60 occurring 60 minutes after this point. Therefore, the LY30 and CLI60 should represent a similar time frame and measures of fibrinolysis can be determined in less than 10 minutes from one another. Importantly, moderate agreement was seen between rTEG and EXTEM definitions of fibrinolysis phenotypes. Thrombelastography is used at our institution and more commonly in the United States, while ROTEM Figure 1 . Incidence of fibrinolysis phenotypes and mortality rate by fibrinolysis strata. A U-shaped distribution is illustrated using both (A) rTEG and (B) EXTEM assays. is prominently used in European centers. 20 While TEG LY30 and EXTEM CLI60 are temporally similar, they are not defined at the exact same time, which may also explain why there is no complete agreement between assays. Although the technologies and reagents are similar, the measurements reported are not the same and cannot be generalized from one instrument to the other. 10 The fact that there is disagreement could be multifactorial. Many of the patients with disagreement are at the cut point of fibrinolysis phenotypes. A patient being on opposite sides of a cut point when comparing the two tests may simply be normal instrumentation error. It could also be secondary to differences in the assay, specifically timing of measurement and that citrated rTEG is measuring amount of clot breakdown and EXTEM is measuring amount of clot remaining. Finally, after manual review of the TEG and ROTEM tracings, there were five discordant patients, which could be explained by clot retraction that resulted in a questionable lysis profile. However, the fact that we have now defined three distinct fibrinolysis phenotypes with different incidence and mortality rates ( Fig. 1) indicates that these phenotypes are not just a byproduct of the TEG platform.
A critical aspect of optimizing early trauma resuscitation is understanding the mechanisms that drive derangements in the coagulation system and approaches to treating these derangements. Hyperfibrinolysis has been associated with increased levels of tissue plasminogen activator (tPA). [21] [22] [23] While hemorrhagic shock does not uniformly provoke systemic HYPER in trauma patients, examples from nonsurgical patients suggest that inadequate tissue perfusion is a common feature. 2, 24 In our cohort, hyperfibrinolytic patients had more severe physiologic and laboratory findings of shock illustrated by a low blood pressure, elevated lactate, and more pronounced base deficit (Table 2 and  Supplemental Table 1 , Supplemental Digital Content 1, http:// links.lww.com/TA/B257). This is in contrast to fibrinolysis SD, which is thought to be driven primarily by inhibition of plasminogen activation through plasminogen activator inhibitor-1 (PAI-1) inhibition of tPA. 4 Furthermore, there are exogenous factors that can affect the release of PAI-1 and ultimately influence fibrinolytic phenotype. For instance, others have established a link between acute alcohol intoxication and increased risk of thrombotic complications through elevated levels of PAI-1. 25, 26 There is a greater increase in PAI-1 release compared to tPA in those who consume a larger amount of alcohol, thereby increasing the PAI-1:tPA ratio, 27 which would presumably shift the fibrinolytic pathway toward an SD phenotype.
Fibrinolysis SD is not as well understood as systemic HY-PER, partially because it manifests late following injury and seems to be a significant factor in delayed mortality.
1,2 Elevated levels of PAI-1 activity, from platelets or endothelium, are associated with increased fibrinolysis SD. 28 However, others have suggested that the SD phenotype is a misclassification related to insensitivity of TEG or ROTEM to detect lysis. 5, 6 In these patient's, biomarkers were indicative of massive fibrinolytic activation potentially driven by endothelial bound plasminogen receptors (S100A10), which may indicate a subtype of fibrinolysis phenotypes. 6 Similarly, the spectrum of fibrinolysis phenotypes may also be affected by tPA-sensitive and tPA-nonsensitive patients, 28 also identifying subtypes of the classically described SD, PHY, and HYPER phenotypes. Regardless of these potential subtypes, SD is associated with an increased mortality due to macrothrombotic and microthrombotic complications such as venous thrombotic events and MOF. 2 The CRASH-2 trial suggested that the early empiric use of tranexamic acid (TXA) reduces the rate of death in injured patients but identified increased mortality when this therapy was delivered more than 3 hours after injury. 29 Our group has suggested that there should be a selective use of TXA in the injured patient, as administration to those with an SD phenotype may be critical in the pathogenesis of postinjury organ failure and thrombotic complications 30 in TEG. Furthermore, the use of TXA in those with PHY fibrinolysis has been shown to increase mortality in that patient population. 31 This study has several limitations. It was limited to one time point before a trauma patient's resuscitation in the hospital. Recent evidence suggests a patient's initial fibrinolysis phenotype will change during the course of his or her resuscitation. 2 This change in phenotype has been illustrated by what is referred to as reperfusion fibrinolysis SD, which occurs 2 hours after injury. 16 There was a relatively small sample size of patients in each group (SD, PHYS, and HYPER), yet the mortality difference was significant; thus, statistical power was not an issue. Multivariate studies are urgently needed to validate these findings, as well as those by Gomez-Builes et al. using multicenter designs, despite the difficulties in standardizing the resuscitations between centers. Furthermore, the current sample was not large enough to examine the effect of fibrinolysis phenotypes with specific injury patterns.
The addition of tissue factor to TEG or EXTEM has been thought to reduce the sensitivity of both tests by masking coagulation abnormalities. 32, 33 For this reason, the use of native assays (without activators), for example, remains relevant for use in research owing to its ability to dampen false signals to determine fibrinolysis and therefore the cutoff points, which predict transfusion needs in TIC. 32 However, a recent comparison of native citrated kaolin, and rapid TEG suggested that transfusion thresholds can be used with confidence without concern for masking coagulation abnormalities by using an activated TEG, as there was significant overlap in the performance of the these three TEG assays. 32 In conclusion, severely injured trauma patients present with a spectrum of postinjury fibrinolysis previously identified by TEG and now identified using ROTEM. The TEG and ROTEM platforms have moderate agreement in their ability to derive fibrinolysis phenotypes and can help stratify patients into different groups with different mortality. Appreciation of fibrinolysis SD as a common presenting phenotype in injured patients should warrant considerations for the judicious use of antifibrinolytics and, furthermore, stimulate thought toward treatments that are aimed at minimizing microthrombotic and macrothrombotic events and ultimately MOF. Hyperfibrinolysis (HYPER) shows early mortality, while the shutdown fibirnolysis (SD) phenotype has a more delayed mortality. The physiologic fibrinolysis group (PHYS) seems to have a protective effect on both ROTEM and TEG. Log-rank p < 0.0001,Wilcoxon p < 0.0001 for ROTEM and TEG comparisons.
